Abstract-In this paper, an attempt is made to present a theory for the design of handset antennas, which results from the long experience that the authors have in the field of handset antenna design. The proposed theory is based on the well-known skin effect and constructs the antenna using a thin wire model that represent the backbone of the final antenna. The analytical solution for the thin wire model is first obtained, and the main properties (such as the return loss and the radiation properties) of the antenna can then be studied using this analytical solution. Once the antenna backbone is constructed, other elements, such as stubs, patches, etc., can be added to optimize the match at the desired frequency bands. A number of numerical and analytical examples are provided throughout the paper to validate the theory. Different antenna types, such as wire antennas and planar antennas, are tested and designed using the thin wire model. The correspondence between the analytical results and those from the numerical simulations using full-wave solvers agree very well in all examples. The authors also present in this paper a novel design of three small antennas for handset applications, which are based on the simple wire monopole, but in a three-dimensional form. The proposed three-dimensional monopole antennas have multi-band and broadband properties that cover most frequency bands being used for the handset device. The antennas feature remarkable properties while occupying a significantly small space, which makes them strong candidates for handset applications and for the future multi-antenna applications too.
INTRODUCTION
In the early 20th century, mobile technology had been predominated by military users.
Before World War II, most developed mobile communications were dedicated to military requirements and standards. In fact, the first wireless telecommunication systems were heavy and large that their equipment would occupy the trunk of the car carrying the device. Additionally, the required power to operate these systems was high leading to a very poor battery life [1] . A revolution in the telecommunications and in the information technologies, and hence the mobile communications technology, was witnessed in the early nineteen nineties after the advent of microelectronics [1, 2] . The breathtaking growth of the wireless internet, with traffic continuing to double annually as witnessed in the last decade of the last century, makes an epitome of this revolutionary trend [2] . With this revolution, mobile communication devices became lighter, smaller, and consumed less power to operate [3] . In all this, industry and researches came to understand the role of electromagnetic field theory, or specifically the role of the antenna element, as a key role in this growing trend. The antenna is the electromagnetic transducer which is used to convert, in the transmitting mode, a guided wave within a transmission line to radiated wave in the free-space. In the receiving mode, the antenna converts the free-space wave into guided wave [4] . A good antenna design can relax the system requirements and improve the overall system performance.
Wire antennas, such as the monopole and the modified monopole antennas (see Figure 1) , were the first type of antennas recognized for mobile communication devices. They are easy to design, light weight, and have omni-directional radiation pattern in the horizontal plane [5] . However, since the physical length of a monopole antenna is quarter of its wavelength at the operating frequency, this antenna is relatively very long. Therefore, monopole antennas are usually external antennas. As the size of handheld devices was decreasing, the inverted-L antenna (ILA) was found to be a promising alternative to replace the external monopole antenna. The ILA is an end-fed short monopole with a horizontal wire element placed on top that acts as a capacitive load (see Figure 2 ). The design of the ILA has a simple layout making it cost efficient to manufacture [3] . Although the radiation properties of the ILA have advantages over those of the monopole antenna by radiating in both polarizations due to the horizontal arm, however, its input impedance is similar to that of the short monopole: low resistance and high reactance. This prompted antenna designers to search for an antenna with nearly resistive load thus provides reduced mismatch loss. For this purpose, the inverted-F antenna (IFA) was introduced (see Figure 3 ) [6, 7] , which adds a second inverted-L section to the end of an ILA. The additional inverted-L segment introduces a convenient tuning option to the original ILA and greatly improves the antenna usability. Even with the improvement in the match of the IFA over the ILA, both these antennas have inherently narrow bandwidths. To obtain broad bandwidth characteristics, antenna designers transformed the horizontal element from a wire to a plate (see Figure 4) , and the planar inverted-F antenna (PIFA) was introduced [8] . The PIFA is widely used in nowadays mobile handheld devices. It is a self-resonating antenna with purely resistive impedance at the frequency of operation. This makes it a practical candidate for mobile handheld design since it does not require a conjugate circuit between the antenna and the load reducing both cost and losses. Despite the relative simple design of the ILA, IFA, and the PIFA, the optimal design of any of these antennas is not unique (see Figures 2-4) .
Variations in the height of the radiator (H), the length of the horizontal element (L), the distances and the location of the feed and the shorting point (S), etc. all affect the electrical performance of these antennas. Numerous designs have been reported in the literature, e.g., [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Many of them suggest approaches to further improve the bandwidth and the performance of these antennas, e.g., [9, 18] . To the best of our knowledge, there has been no theory that can describe the behavior or the design procedure of these antennas. The best that can be found in the literature is some design recommendations based on the trial and error procedures that take place in the antenna laboratories while building the antenna prototypes or from the numerical simulations. The evolution of the handset antenna designs from a monopole to the PIFA indicates that that the essential component of a handset antenna is the "wire". The patch(s) slot(s), and stub(s) are only used to compensate for the mismatch and improve the radiation characteristics. Notice that at the megahertz frequency range, the current flowing on the surface of a conductor no longer has a uniform distribution due to the skin effect, but it is confined to a relatively small area. Therefore, the effective cross-sectional area of the conductor is smaller than the actual dimension [19] . For example, by simulating a basic PIFA and examining the current distribution on its surface at the frequency of operation, one can see that the current distribution is concentrated at the edge(s) of some of the antenna parts. Therefore, the length of these edge(s) where the current is concentrated is the major parameter that tunes the antenna to that desired frequency [3, 10] . The remainder of the conductor plate(s) forming the patch(s) of that antenna part is, therefore, not an essential part in tuning the antenna but are rather to improve the antenna characteristics. In fact, removing these parts would affect the matching of the antenna and would not detune it much. From this intuition, we propose a new procedure in handset antenna design. As a first step in the design, we represent the antenna by the fundamental wires responsible for its tuning at the frequencies of operation, and these become the backbone of the final design. We then derive an analytical solution for this wire model representation. Using this analytical solution, the antenna designer can easily and efficiently design the antenna that is tuned to the desired frequency by only solving a few analytical equations, no simulations or prototypes are required. The designer can further improve the basic design by adding patch(s), stub(s), slot(s) or a combination of these to reduce the mismatch and to improve the radiation characteristics.
Using the wire model to represent the antenna raises a questionwould it be possible to achieve multi-band operation with broadband performance using the "wire" only? We have come to find the answer to this question by introducing a three-dimensional (3D) monopole antenna. This novel design has the virtues of simplicity and smaller maximum size than any known handset antenna design to date. The PIFA has been considered to be the most favorable antenna for handheld devices. However, our novel design outperforms the PIFA for a given maximum antenna size. It has a remarkably wider bandwidth, an impressively simpler structure, and its performance is less affected by the environment compared to the PIFA.
The paper is organized as follows: The validity of the thin wire model for the handset antenna is demonstrated in Section 2, where a PIFA antenna is examined and its equivalent wire model is presented. This example shows the equivalence between the original PIFA and the thin wire model. Section 3 gives a detailed derivation of the analytical solutions for some typical thin wire models, which are validated by comparisons with simulation results using full-wave MoMbased simulations [20, 21] . Discussions on the antenna bandwidth improvements by bending or wrapping the antenna in a 3D manner are introduced in Section 4. In Section 5, the novel 3D monopole antenna designs are discussed through three examples, which cover at least GSM, UMTS, and the higher WiMAX bands while the maximum dimension is kept very small [22] [23] [24] .
WIRE MODELS FOR HANDSET ANTENNAS: AN EXAMPLE
To illustrate the idea of the thin wire model, we introduce a numerical example of a PIFA and represent it with its equivalent thin wire model. Consider the antenna shown in Figure 5 (a) [25] [26] [27] [28] [29] . The equivalent wire model for this antenna is shown in Figure 5 (b) where the planar surface of the antenna is replaced by a wire along its outer edges. The radius of the wire can be very small, here we choose a/λ = 10 −4 . The ground plane is replaced by an equivalent wire loop that is connected to the wire antenna model at the feed and at the shorting points, respectively. A key factor in the design of an antenna is the current distribution on its surface. This distribution can provide information on the resonating element(s), and hence, the controlling element(s), at each frequency of interest. These elements become design parameters in tuning the antenna. Both the planar structure and the wire models of the antenna shown in Figure 5 are simulated using the commercial full-wave electromagnetic solver FEKO [20] . The results showing the current distributions in both models at two different frequencies are given in Figures 6 and 7 , respectively.
Notice that the intensity of the current distribution on the ground plane is stronger at the lower frequency than that at the higher frequency, see Figures 6(a) and 7(a), respectively. This states that the ground plane is actually part of the antenna at this frequency. The same can be concluded from the corresponding wire model, see The correspondence between the current distribution in the planar model and in the wire model is analogous in terms of direction and intensity at both the low and the high frequencies. Hence, one can expect that the radiation properties of both models are similar. Figures 8 and 9 show the radiation properties for both models at the two different frequencies of interest. Again, the correspondence between the results in the two models is analogous, which verifies the equivalence of thin wire model to the original planar antenna structure.
The thin wire model can give accurate information on the radiation properties of the original planar antenna. However, this model does not provide information on the matching of the antenna, hence, the impedance values may vary between the two models. Figure 10 shows the simulated return loss of the planar antenna and its equivalent wire model. The results show that the wire model can provide a good, fast, and a simple starting point for the design of this antenna.
ANALYTICAL SOLUTIONS FOR THIN WIRE MODELS
Now it is clear that the main features of a metal handset antenna can be characterized by a very thin wire model, which is based on the well-known skin effect. The wire structures have been extensively investigated by a number of authors [e.g., 30, 31] . When the radius of the wire model for a handset antenna is very thin, it is possible to find an analytical solution for the current distribution on the wire, which includes useful information on the radiation properties of the original metal handset antenna. Thus, it provides guidelines for practical Figure 10 . Simulated return loss for the PIFA and its equivalent thin wire model. Figure 11 . An arbitrary wire illuminated by an incident field. handset antenna design. Let us consider a thin wire illuminated by an incident field E in . We assume that the wire is a curved circular cylinder of radius a and a curvilinear l-axis (l stands for arc length) runs along the axis of the circular cylinder as shown in Figure 11 . The scattered field due to the current in the wire is E sc (r) = −jωA − ∇φ, where A is the vector potential and φ is the scalar potential. On the surface of the wire we have E in + E sc = 0. Thus
Let u l (l) be the unit tangent vector along l-axis. Multiplying both sides of (1) by u l (l) leads to
The vector potential A on the surface of the wire due to a current distribution I(l) is given by
where ϕ is the polar angle of a polar coordinate system whose origin is at the center of the cross section of the circular wire, and R = |r(l) − r(l )|. Since the integrand is singular at l = l, we rewrite the above as
where τ is positive number. The second term on the right-hand side can be written as
where 
(4) can be written as
As a → 0, the first and third term on the right-hand side of (3) are finite numbers. Thus
From Lorentz gauge condition ∇ · A + jωµεφ = 0, we may find that
It follows from (2), (9) and (10) that
where
. From (11) we obtain Figure 12 . An arbitrary loop antenna excited by a delta gap.
where k = ω √ µε. Since we have assumed that the wire is very thin, (12) can be replaced by a delta function
We now give the analytical solutions for some typical wire structures.
Loop Antenna
Let us consider a loop antenna excited by a delta gap at l = l as shown in Figure 12 . In this case, the boundary condition I(0) = I(L) must be applied. The general solution of (13) can be written as
Making use of the facts that the current and its derivative must be continuous at l = 0, and
We may find that the current distribution of a thin loop is given by
where we have used
η ln ka . In order to verify the analytic solution for the loop antenna, equation (14) is applied to calculate the current distribution of a Figure 13 . A half-wavelength rhombic loop antenna and the simulated current amplitude distribution by FEKO.
half-wavelength rhombic loop antenna, whose structure is shown in Figure 13 . The calculated values are compared with the simulated ones using FEKO. The results show a very good agreement and are plotted in Figure 14 . It should be noted that Figure 14 only shows the current distribution on a half of the rhombic loop antenna due to symmetrical nature of the structure. The maximum value of the current amplitude is at the center of the loop, i.e., 0.25 wavelength away from the feed at the corner. The minimum current can be found at the feed (see the current intensity shown in Figure 13 ). Since the current phase distribution along the loop is only related to its electrical length, the same phase distribution is obtained in the two models.
Dipole Antenna
Our second example is an arbitrary dipole excited by a delta gap at l = l as shown in Figure 15 .
The current distributions along the two arms can be written as
and the source condition, we may find that the current distribution for the dipole is given by Equation (15) has been applied to calculate the current distribution of the quarter-wavelength dipole antenna shown in Figure 16 . The obtained results from (15) are compared with the simulated ones using FEKO. A good agreement is obtained as shown in Figure 17 , and this confirms the accuracy of the analytical solution for the thin wire model. Figure 16 . Simulated current distribution of a quarter-wavelength dipole antenna by FEKO.
First Wire Model for Handset Antennas
A typical wire model for handset antennas is shown in Figure 18 , which consists of three connected branches b 1 , b 2 and b 3 . The branch b 1 is the main radiation element, and b 2 and b 3 are grounding wires, which simulate the ground plane. The reference directions of the current flow Figure 17 . Current distributions for a quarter wavelength dipole.
l L = Figure 18 . A wire model for the handset antenna.
on each branch are shown in Figure 18 . The feeding point is located at branch b 1 . The current distributions along b 1 , b 2 and b 3 can be written as
with the boundary conditions
where φ i is the potential on branch b i (i = 1, 2). From these boundary conditions, we obtain C 1 = C 2 = C 3 = 0 and
After some manipulations we have
Thus the current distributions on each branch are
Let us consider a three-wire structure shown in Figure 19 . The length of each wire is a quarter-wavelength and the feed is located at the center of one of three wires. The calculated current amplitude on each wire from (16) is compared with the simulated ones using NEC [21] . The results show a very good agreement and are given in Figures 20  and 21 , respectively. Due to symmetrical nature of the structure, it can be found that the current amplitudes on the wires W b and W c are the same and their maximum amplitude is at half of the maximum amplitude on the excited wire W a . This result is consistent with the simulated 3D current distribution in Figure 19 . Figure 19 . Simulated current distribution on a three wire antenna fed at the center of one of three wires by FEKO.
Second Wire Model for Handset Antennas
A more reasonable wire model for handset antennas is shown in Figure 22 , which consists of branch b 1 of length L 1 and a loop b 2 +b 3 of length L 2 + L 3 . The branch b 1 is the main radiation element, and the loop b 2 + b 3 is the grounding wire, which simulates the ground plane. The reference directions of the current flow on each branch are shown in Figure 22 . The feeding point is located at l 1 = l 1 of branch b 1 . The current distributions along b 1 , b 2 and b 3 can be written as with the boundary conditions Figure 22 . A typical wire model for the handset antenna.
From these boundary conditions, we obtain C 1 = 0 and
After some manipulations we obtain 
To validate the analytical solution in equation (17), let us consider an L-shaped monopole. The ground plane has been simulated with a rectangular loop as shown in Figure 23 . The corresponding analytical and numerical results are shown in Figure 24 , a good agreement is achieved. Figure 23 . Wire model of a typical handset antenna and the associated 3D current distribution.
BANDWIDTH ENHANCEMENT
We now discuss how the antenna parameters and its arrangement influence its bandwidth or quality factor. Notice that in terms of the stored electric energy and magnetic energy and the radiated power from the antenna, a RLC equivalent circuit can be constructed for an 
4ω 2W e (18) where I is the terminal current; P rad is the radiated power;W e and W m are the stored electric energy and stored magnetic energỹ
respectively. In (19) , X is the antenna input reactance
The antenna Q is then given by
The calculation of the element values of the equivalent RLC circuit is straightforward [33] . (19) is well known in circuit theory and can be easily derived for a bounded microwave system where the electromagnetic energy is confined in a finite region. In this case the stored electromagnetic energy is simply equal to the total electromagnetic energy for a lossless system. Antenna is an open system, and some of its energy radiates into free space. The total electromagnetic energy around the antenna and the radiated energy into free space are both infinite. But their difference is a finite quantity, which is defined as the stored electromagnetic energy. (19) and (20) indicate that to find the stored energies we only need to know the difference between the stored electric energy and magnetic energy. The differenceW m −W e can also be determined by making use of the Poynting theorem in the frequency domain
where the bar indicates the complex conjugate; V 0 is the source region of the antenna; V ∞ is a big region which encloses the antenna; W m and W e are the total average magnetic energy and electric energy stored in the region V ∞ − V 0 respectively. Note that in the above equation, we have used the fact thatW m −W e = W m − W e [32] . The left-hand side of (22) can be expressed as
where φ and A are the scalar and vector potential functions given by
with R = |r − r |, η = µ 0 /ε 0 and c = 1/ √ µ 0 ε 0 . Inserting the above equations into (23) we obtain
It follows from the above equation and (22) that
Thus once the current distribution is known the calculation of the energy difference is simply an integration. When the frequency is very low the calculation of the frequency derivative appearing in (19) is becoming a challenging task due to the numerical errors. Fortunately alternative expressions for the stored energies of small antennas have been derived to get rid of the frequency derivative [35] W e = cη 16π
Note that the stored energies are always positive. The total energy is then given bỹ
It follows from (21), (25) and (27) that
It has been shown that the antenna fractional bandwidth is approximately the inverse of the antenna Q [32] . To enhance the antenna bandwidth, we need to reduce the antenna Q, which can be achieved by letting the metal antenna occupy the space as efficiently as possible. For the wire antenna, bending the wires is an efficient way to enhance the bandwidth. To demonstrate this point, let us consider a dipole antenna, a folded dipole antenna, and a circular loop antenna shown in Figure 25 . All three antennas have the same maximum dimension 2b with wire radius a. The fractional bandwidths for the dipole, folded dipole and loop can be determined from (28) and are
respectively [35] . Thus we have B dipole < B f olded dipole < B loop . The above examples are a simple illustration that properly bending the wires can enhance the antenna bandwidth. 
THREE DIMENSIONAL MONOPOLE ANTENNA
In the following we introduce three practical examples [22] [23] [24] , illustrating how the bending strategy can be used to the design of small handset antennas. Each of these antenna designs has the performance that exceeds the minimum requirements for handset applications. The antenna structures are fabricated using a 2 mm wide metal strip in all three examples. They are supported by a frame assembled from FR4 dielectric material. This frame sits on the 60 × 90 mm 2 PCB made of FR4 dielectric material with thickness 1.5 mm. All three antennas are excited by a coaxial cable probe and their performance is studied in the chamber to stabilize the environment. The antennas are designed to have a length of approximately a quarter of the wavelength at the lowest frequency of interest. The higher resonating frequency bands appear at electrical lengths equal to portions of the total physical length. The non-resonating parts of the antenna(s) act as matching loads to improve the matching at that frequency of operation. The three antenna designs provide multi-band and wideband performance. The different bending (wrapping) of the wire in each antenna design changes the current distribution on their surface, which controls their radiation properties and enhance the bandwidth. In addition, this wrapping reduces the antenna size significantly, making these antennas a promising candidate for handset applications and for future multiantenna systems in the handset applications.
First Antenna Design [22]
The first antenna is fabricated on a 1 × 1 × 1 cm 3 dielectric frame, as shown in Figures 26 and 27 . The symmetric wrapping of the antenna provides omni-directional radiation patterns as shown in Figure 28 . The antenna is a pent-band antenna that covers GSM 800/900/1800/1900 and UMTS 2100, as indicated in Figure 29 . 
Second Antenna Design [23]
The structure of the second antenna is shown in Figure 31 . The antenna is built on a dielectric frame of size 0.7 × 0.7 × 1.5 cm 3 . A full view of the antenna and the PCB is shown in Figure 32 . This antenna is also a pent-band antenna that covers the GSM 800/900/1800/1900 and the UMTS 2100 bands (see return loss shown in Figure 33 ). The current distributions on the surface of the antenna at different frequencies are given in Figure 34 , showing how the antenna resonates at each frequency. The corresponding radiation pattern at these frequencies is shown in Figure 35 . Notice that this antenna has an almost omni-directional pattern in both measurement planes.
Third Antenna Design [24]
The structure of the third antenna is shown in Figures 36 and 37 . The antenna is built on a frame of size 1.0 × 0.5 × 2.5 cm 3 . It is a multiband antenna that covers GSM 800/900/1800/1900, UMTS 2100, and Bluetooth 2400, and its return loss is shown in Figure 38 . The current distributions on the surface of the antenna are shown in Figure 39 . The radiation patterns are measured and they are shown in Figure 40 . Notice that this antenna has a relatively larger physical size than the first two antennas. Therefore, it is possible here to achieve a broader bandwidth even at the low frequency range of the GSM 800/900 band. In general, these 3D monopole antenna designs provide broadband performance, and their performance is governed by the size of the antenna [34] . Notice that, given a maximum size, any of our proposed 3D monopole antennas can achieve better performance than a PIFA designed for that same maximum size. In addition, these 3D antenna designs feature the simplicity of the structure and the fast design process. There are two big challenges in handset antenna designs. The first challenge is how to use a single antenna to cover all the useful frequency bands and the second challenge is how to make the antenna size small enough so that multiple antennas can be deployed in a handset. The 3D monopole antenna designs seem to be the right candidate that can overcome these two challenges at the same time. To illustrate how to make a 3D monopole antenna to cover the most useful frequency bands, let us consider the antenna shown in Figures 36 and 37 . We can modify this antenna to make it to cover more frequency bands by adding an additional wire strip with the appropriate length from the feed that would introduce additional resonances at higher frequency ranges. The return loss of the modified antenna is shown in Figure 42 , which also covers 802.11a in addition to the original frequency bands. We just mention incidentally that the first challenge can also be overcome by using multi-feed antennas [36, 37] . 
CONCLUSION
The handset antenna design is a very difficult process due to the complicated environment. In practice, it is impossible to design a handset antenna with entire environment being taken into account even with the state-of-art simulation tools. The usual procedure is to design the antenna in a simplified environment in which only major components such as PCB and battery are included [38] [39] [40] [41] [42] [43] [44] . When the simulated antenna is placed in the real environment, the antenna geometry must be modified to get a reasonable match and radiation performance.
In this paper, we have further simplified the environment by replacing the metal part of the handset antenna with a thin wire model, which is physically possible due to the skin effect. The current distribution on the thin wire model can then be obtained analytically, and the analytical solution so obtained is very close to the current distribution of original handset antenna. This procedure provides an approximate theory that helps explain the handset antenna behavior, and hence, the design procedure, through analytical solutions. The thin wire model represents the backbone of the antenna to be designed. The wire model has simplified the design procedure and reduced the design cycle time and efforts. Numerous analytical and numerical examples are given throughout the paper to validate the theory.
We have used the theory to design three novel wire antennas for handset applications. The design is based on the well-known monopole antenna that is wrapped around a three-dimensional dielectric frame, which results in a three dimensional monopole antenna with a very small maximum size compared to traditional PIFA design. The wrapping or bending controls the radiation patterns and enhances the antenna bandwidth. The performance of the three dimensional monopole antennas is much better than that of a PIFA with the same maximum size. Because of the small size, the proposed three dimensional monopole antennas may be deployed in a handset as antenna elements to form a multiple antenna system, such as a smart antenna array or a multi-input and multi-output (MIMO) system [23, 45, 46] .
